In the DsTau experiment at the CERN SPS, an independent direct way to study the tau neutrino production in high energy proton-nucleous interactions was proposed. Since the main source of tau neutrinos is a decay of mesons, the project aims at measuring the differential cross-section of this reaction. The experimental method is based on the use of high-resolution emulsion detectors for the efficient registration of events with short-lived particle decays. The motivation of the project, details of the experimental technique, and the first results of the analysis of the data collected during test runs, which prove the feasibility of the study are presented.
Introduction
Tau neutrino is eventually the least studied elementary particle. Although its existence was predicted after the tau lepton discovery in 1975 [1] , the first tau neutrinos were detected in the DONuT experiment 25 years later [2] . In 2015, somewhat more appeared through ← − oscillations were detected by OPERA [3] . Super-Kamiokande (SK) and IceCube [4] also reported an evidence of the presence in their data.
Given a poor statistics of registered tau neutrinos, their properties are not well studied. In particular, the cross-section of the tau neutrino charge current (CC) interaction is known [5] with much larger statistical and systematic uncertainties compared to the other neutrino flavors, as shown in Fig. 1 . However, a precise measurement of this cross-section would allow testing of the Lepton Flavor Universality (LFU) in the neutrino scattering. LFU is a principal assumption of the Standard Model (SM) of particle physics, but its validity was questioned by recent results on the B decay asymmetry [6] [7] [8] . There is the expectation of a possible deviation of the cross-section of the interaction as well [9] . The measurement of the CC cross-section has impact on the current and future neutrino oscillation experiments. In the mass hierarchy measurements in the atmospheric Superc ○ YU. GORNUSHKIN, 2019 Kamiokande (SK) [10] and accelerator neutrino experiments (e.g., in DUNE [11] and HyperKamiokande [12] ), flux measurement will have a background due to → decays. So, the systematic uncertainty of the interaction cross-section will be a limiting factor in the oscillation analyses in these experiments [13, 14] .
So far, the tau neutrino interaction cross-section was only measured in the DONuT [5] , OPERA [18] , and SK [17] experiments, though under rather different conditions. All the measurements have large statistical and/or systematic errors of 30-50% due to low statistics and experimental uncertainties. In a future experiment at CERN, SHiP [19] , a rich neutrino program [20] is proposed with thousands of tau neutrino interactions detected, hence, providing a negligible statistical error of the cross-section measurement. The overall accuracy of the cross-section will be determined by the systematic errors, and, in particular, by the flux uncertainty, which is to be studied by the DsTau experiment [34] .
The dominant source (>90%) of in an accelerator-based neutrino beam is leptonic decays of ± mesons produced in proton-nucleus interactions:
producing and in every decay. Conventionally, the differential production crosssection of charmed particles is approximated by a Fig. 1 . Left: , averaged energy-independent cross-section of the three neutrino flavors ( [15] for , [16] for , and for [5] ). The SM LFU prediction is indicated as a dashed horizontal line. For the DONuT result, since there is no measurement of the parameter concerning the double differential production cross-section (Eq. 1), the value is plotted in the empirical range of a parameter given by the DONuT paper as in the right plot phenomenological formula
where F is the Feynman ( F = 2 CM √ ) and is the transverse momentum, and are the parameters controlling the longitudinal and transverse dependences of the differential production cross-section, respectively. Although there were several measurements on charm particles [21] [22] [23] [24] [25] , there is a lack of measurements on the differential production cross-section in the proton interactions, especially concerning the longitudinal dependence represented by the parameter . This has been the main source of the systematic uncertainty of the cross-section measurements in DONuT [5] .
Thus, a new measurement of the differential production cross-section of is necessary for future precise tau neutrino measurements, as well as for the reevaluation of the DONuT result. In the DsTau experiment, a direct study of the tau neutrino production, namely, the measurement of → → decays following high-energy proton-nucleus interactions, is proposed. DsTau will provide an independent flux prediction for future neutrino beams with accuracy under 10%. Then the systematic uncertainty of the CC cross-section measurement can be made sufficiently low to test LFU in the neutrino scattering by future experiments [20] .
In addition to the primary aim of measuring the differential production cross-section in 2.3×10 8 pro-ton interactions, a high yield of (10 5 ) charmed particle pairs is expected. The analysis of those events can provide valuable by-products.
Overview of the Project
DsTau exploits a simple setup consisting of a segmented high-resolution nuclear emulsion vertex detector (a module) capable to recognize → → by their very peculiar double-kink topology as shown in the bottom part of Fig. 2 . In addition, because charm quarks are created in pairs, another decay of a charged/neutral charmed particle from the same vertex will be observed with a flight length of a few millimeters. Such a "double-kink plus decay" topology in a short distance has a marginal background.
However, to register the events is a challenge. First, all the decays take place on a scale of millimeters: the mean flight lengths of , , and pair-charms are 3.6, 2.1, and 4.2 mm, respectively. Second, although the kink angle at the decay vertex is easily recognizable (mean kink angle of 96 mrad), the one at → decays is rather small, 6.2 mrad. The expected signal features were studied making use of Pythia 8.1 [29] . The project aims to detect ∼1000 → → decays in 2.3 × 10 8 proton interactions with a tungsten target. State-of-the-art nuclear emulsion detectors with a nanometric-precision readout will be used to achieve this goal. The modern use of the emulsion detection technology is based on the high-speed high-precision automatic readout of emulsions developed during the last two decades and available today [26] [27] [28] .
The DsTau module structure is shown in Fig. 2 . The upstream part is named the decay module. The basic unit is made of a 500 -thick tungsten plate (target) followed by 10 emulsion films interleaved with 9 200 m-thick plastic sheets which act as a decay volume for short-lived particles, as well as highprecision particle trackers. This structure (thickness of 5.4 mm) is repeated 10 times. Five additional emulsion films are placed most upstream of the module to tag the incoming beam protons. It is followed by the downstream part made of a repeated structure of emulsion films and 1-mm-thick lead plates for the measurement of the momenta of daughter particles through their Multiple Coulomb Scattering (MCS) measurement [30] . The entire detector module is 12.5 cm wide, 10 cm high, and 8.6 cm thick and consists of a total of 131 emulsion films. Fig. 2 . Schematic view of the module structure. A tungsten target plate is followed by 10 emulsion films alternated by 9 plastic sheets acting as a tracker and a decay volume of 5.4 mm. The sensitive layers of emulsion detectors are indicated by green color. This basic structure is repeated 10 times, and then followed by a lead-emulsion structure for the measurement of the momenta of daughter particles. In the bottom part, the "double kink" topology of → → is shown
Once a charged particle passes through the emulsion layer, the ionization is recorded quasipermanently and then amplified and fixed by the chemical process. The trajectory of a charged particle can be observed on an optical microscope. The emulsion detector with 200 nm-diameter AgBr crystals and a 210 -thick base has a track position resolution of 50 nm [32] and an angular resolution of 0.34 mrad (projection). With this angular resolution, one can detect 2-mrad kink with 4 confidence.
A key feature of the modern emulsion technique is the use of fast readout instruments, which allow extracting and digitizing the information on the tracks fully automatically. Emulsion detectors and automated readout systems have been successfully employed in several neutrino experiments such as CHORUS [33] , DONuT [2, 5] and OPERA [3] . The latest scanning system, HTS [26, 27] , allows the scanning of emulsion films at a speed of 5,000 2 per hour per emulsion layer, which is (100) faster than those used in OPERA.
The detection efficiency for the → → 1 prong events (85% of decays) was estimated by the PYTHIA 8.1 [29] simulation.
The following criteria were requested to be fulfilled: (1) the parent particle has to pass through at least one emulsion film (two sensitive layers), (2) the first kink daughter has to pass through at least two sensitive layers, and the kink angle is ≥2 mrad, (3) the flight length of the parent and the first kink daughter has to be <5 mm, (4) the second kink angle is ≥15 mrad and (5) the partner of the charm pair is detected with 0.1 mm ≤ flight length <5 mm (they can be charged decays with a kink angle >15 mrad or neutral decays). With these selection criteria, the detection efficiency was estimated to be 20%.
The main background to → → 1 prong events is hadron interactions that can mimic the decays of short-lived particles. Its probability was obtained by simulating 3 × 10 5 protons on the detector with the FLUKA [35] simulation. The criteria used for the charged charm or tau decay topology selection are applied to the interactions of secondary hadrons with only one charged daughter particle ( > 2 GeV/c). In addition to high-energy particles, a large part of interactions has associated nuclear fragments, which is a strong evidence of hadron interactions. Those are effectively rejected by requesting only one charged daughter. The total probabilities to account for background events such as a double kink with charged pair charm or with neutral pair charm are 1.3 ± 0.4 × 10 −9 and 2.7 ± 0.8 × 10 −9 per incident proton, respectively. The expected numbers of background events in the full statistics of DsTau (4.6 × 10 9 p.o.t.) are 6.0 ± 1.8 and 12.4 ± 3.7 for these 2-signal channels, respectively.
DsTau will provide the differential cross-section of meson production and the following decay to a tau lepton in the 400-GeV proton-nucleus interaction. It may be fit with the phenomenological formula, Eq. (1), and get the parameter estimated, which is relevant for a re-evaluation of the tau neutrino cross-section measurement by the DONuT experiment. At the statistics of 1000 → → detected events, the relative uncertainty of the flux will be reduced to below 10% [34] . In order to collect 1000 → events, 230 millions of proton interactions are to be analyzed, which is another challenge from the point of view of the track density and the amount of data to be processed. The high proton density of 10 5 cm 2 at the upstream surface of an emulsion detector was chosen to maximize the number of interactions in a single module. The track density will then increase in the detector, yet not exceeding 10 6 cm 2 at the downstream part of the decay module, which is affordable for the emulsion detector readout and reconstruction. With this density, 6.25 × 10 5 proton interactions are expected in the tungsten target in a decay module. To accumulate 2.3 × 10 8 proton interactions in the tungsten plates, 4.6 × 10 9 protons on the target are needed. About 370 modules with a total film area of 593 2 will be employed for this measurement.
Beam Exposure and Analysis Scheme
Two test beam campaigns were held at CERN SPS in 2016 and in 2017. In 2018, a pilot run was conducted aiming at the recording of 10% of the experimental data. A schematic view of the detector setup is shown in Fig. 3 .
The proton beam profile was measured by a silicon pixel telescope. Each emulsion detector module was mounted on a motorized X-Y stage (target mover) to change the position of the module with respect to the proton beam, so to make the detector surface uniformly irradiated at a density of 10 5 tracks/cm 2 .
The emulsion detector is both a detector and the data storage media at the same time. The automatic scanning systems read out the track information accumulated in the emulsion films during the exposure, digitize it, and transfer to the computers for the pattern recognition and track analysis like in case of any electronic detector. The output of the readout is the information on the track segments recorded in the top and bottom layers of a film (microtracks). A segment made by linking the microtracks on two layers in a film is called a basetrack, which is a basic unit of the track information from each emulsion film for the later processing. Each basetrack provides 3D coordinates X = ( , , ), 3D vector V = (tan , tan , 1), and / parameter. The tracks are reconstructed by linking basetracks on different films making use of their position and direction.
The average basetrack efficiency measured with tracks is higher than 95%, which provides the track detection with efficiency >99%. The reconstructed tracks are then used to find vertices. To provide the efficient detection of small kinks of → decays, the analysis is performed in two stages: (1) scan the full module by a fast HTS system with relatively coarse angular resolution (2.5 mrad) and detect events that have two decays in a short distance, namely, the decays of and partner charm ( ± and 0 ); (2) perform a high-precision measurement around the decay candidates to find → small kinks. For this, the dedicated stations with a piezo-based axis are used providing a reproducibility of a single hit position measurement of 8 nm and angular measurements of 0.16 mrad (RMS).
Here, the first results acheaved at the first stage of the analysis are presented. Figure 4 shows the distribution of the coordinate (along the beam) of the vertices reconstructed in the detector. An enhancement of the vertices in the tungsten target is evident. One can even see the microstructure corresponding to the emulsion layers (of higher density) and plastic bases/spacers. Figure 5 shows the measured multiplicity of charged particles at proton interactions, compared with the prediction by FLUKA. A good agreement of the numbers of observed tracks and expected ones demonstrates a good efficiency of the track reconstruction.
With the data analyzed so far, several events with short-lived particle decays have been already recognized (See an example in Figure 6 ).
Conclusion and Outlook
The DsTau experiment is going to study the tau neutrino production following the high-energy pro-ton interactions, which will provide necessary information for future experiments. CERN SPSC recommended approving DsTau in April 2019.
The test of a beam in 2016-2017 and the pilot run in August 2018 were performed, and over 20 million proton interactions in the detector were registered. The emulsion scanning and analysis of these samples are ongoing, which would allow confirming the Ds detection feasibility and the re-evaluation of the cross-section by refining the flux. The full scale study scheduled for the next physics run at CERN SPS in 2021 and 2022. A large amount of the decays of charmed particles is expected to be recorded, as well providing a possibility of interesting by-product results.
